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Edited by Jesus AvilaAbstract Tau is a microtubule-associated protein, which plays
an important role in physiology and pathology of neurons. Tau
has been recently reported to bind double-stranded DNA
(dsDNA) but not to bind single-stranded DNA (ssDNA) [Cell.
Mol. Life Sci. 2003, 60, 413–421]. Here, we prove that tau binds
not only dsDNA but also ssDNA. This ﬁnding was facilitated by
using two kinetic capillary electrophoresis methods: (i) non-equi-
librium capillary electrophoresis of equilibrium mixtures (NE-
CEEM); (ii) aﬃnity-mediated NECEEM. Using the new
approach, we observed, for the ﬁrst time, that tau could induce
dissociation of strands in dsDNA by binding one of them in a se-
quence-speciﬁc fashion. Moreover, we determined the equilib-
rium dissociation constants for all tau–DNA complexes studied.
 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Tau proteins are microtubule-associated proteins expressed
in neurons and oligodendrocytes [1]. Their major known phys-
iological function is to promote and maintain microtubular
integrity, which is required for axonal transport and morpho-
genesis [2]. Tau is also involved in a number of pathological
conditions, such as Alzheimer and Parkinson diseases,
although the exact molecular mechanisms of this involvement
are still debated [3–5]. Intriguingly, microtubule-associatedAbbreviations: EGTA, ethylene glycol-bis(b-aminoethyl ether)-N,N,
N0,N0-tetraacetic acid; EMSA, electrophoretic mobility shift assay;
IPTG, isopropyl beta-d-thiogalactopyranoside; KCE, kinetic capillary
electrophoresis; NECEEM, non-equilibrium capillary electrophoresis
of equilibrium mixtures; PIPES, piperazine-N,N0-bis(2-ethanesulfonic
acid); PMSF, phenylmethylsulfonyl ﬂuoride; SSB, single-stranded
DNA binding protein; SweepCE, sweeping capillary electrophoresis;
IS, internal standard
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doi:10.1016/j.febslet.2005.01.032proteins have been shown to have a higher aﬃnity to DNA
than to microtubules [6]. Due to its potentially important role
in neuronal physiology and pathology, this phenomenon has
also been studied in detail for tau [7–9]. It is known that tau
can bind RNA and interfere with microtubular assembly
[10,11]. It has also been reported that microtubule-associated
protein tau binds double-stranded DNA (dsDNA) [12]. These
observations were made with electrophoretic mobility shift as-
say (EMSA) on slab gels, a conventional method in studies of
protein–DNA and protein–RNA interactions. With its limited
sensitivity and non-quantitative nature, classical slab-gel
EMSA imposes serious limitations on such studies.
We recently introduced three new capillary electrophoresis
methods for quantitative studies of protein–DNA interactions:
(i) non-equilibrium capillary electrophoresis of equilibrium
mixtures (NECEEM) [13]; (ii) aﬃnity-mediated NECEEM
[14], and sweeping capillary electrophoresis (SweepCE) [15].
The three methods can be described by a broad term of kinetic
capillary electrophoresis (KCE).
NECEEM can be considered as a quantitative gel-free
EMSA. Brieﬂy, the protein and DNA are mixed and allowed




The equilibrium mixture contains three components: free pro-
tein, free DNA, and a protein–DNA complex. A short plug
of the equilibrium mixture is injected into the capillary and
the three components are separated under non-equilibrium
conditions (in a run buﬀer that does not contain the protein
or DNA). As the result of electrophoretic separation, the
complex is no longer in equilibrium with free protein and free
DNA, and it dissociates exponentially with a unimolecular
rate constant koﬀ. If ﬂuorescence detection is used and only
DNA is ﬂuorescently labeled (labeling of DNA can be typi-
cally done in the way that it does not aﬀect protein–DNA
interaction), then a typical electropherogram consists of three
characteristic features: two peaks and a single-exponential
curve between the peaks. The area under one peak corre-
sponds to the equilibrium fraction of free DNA, while the
sum area under the exponential curve and the second peak
corresponds to the equilibrium fraction of the complex. The
ratio of the two areas is found from the electropherogram
and used for the calculation of the equilibrium dissociationblished by Elsevier B.V. All rights reserved.
Fig. 1. DNA molecules used in this work. The dsDNA molecules were
obtained by annealing the ssDNA molecules with complementary
strands.
1372 S.M. Krylova et al. / FEBS Letters 579 (2005) 1371–1375constant, Kd. Fitting the exponential curve with a single-
exponential function reveals the value of koﬀ (koﬀ can be also
found by the analysis of the areas). The bimolecular rate con-
stant of complex formation can then be calculated as kon =
koﬀ/Kd. Uniquely, kinetic and equilibrium binding parameters
can be obtained from a single electropherogram.
To explain the rationale for aﬃnity-mediated NECEEM, we
have to emphasize that NECEEM requires good separation of
free DNA from the protein–DNA complex. If the separation is
poor, the accuracy of the method with respect to the determi-
nation of rate constants and equilibrium constants decreases.
Aﬃnity-mediated NECEEM is based on the insight that add-
ing to the run buﬀer a background aﬃnity agent which can
bind free DNA but not the protein–DNA complex can im-
prove the separation by changing the mobility of free DNA
while not aﬀecting that of the complex. In our study showing
the proof of principle, we demonstrated aﬃnity-mediated
NECEEM of protein–ssDNA pairs by using ssDNA-binding
protein (SSB) from Escherichia coli as a background aﬃnity
agent in the run buﬀer [14]. To extend aﬃnity-mediated NE-
CEEM to studies of dsDNA–protein interactions, a suitable
dsDNA-binding protein needs to be found to serve as a
background aﬃnity agent instead of SSB. Hypothetically,
aﬃnity-mediated NECEEM can also be realized with a pro-
tein-binding aﬃnity agent, such as an antibody, instead of a
DNA-binding agent, provided that the agent binds the protein
but does not bind the protein–DNA complex.
SweepCE was introduced very recently as the only non-
stopped-ﬂow method for directly measuring kon of protein–
DNA interactions [15]. Conceptually, in SweepCE, the capillary
is pre-ﬁlled with DNA and the inlet of the capillary is inserted
into the solution of the protein, the interaction with which is
to be studied. When electrophoresis starts, the fast-moving pro-
tein is mixed with a slowly moving DNA in a continuous mode
and ‘‘sweeps’’ DNA upon protein–DNA complex formation.
The shape of the concentration proﬁle of swept DNA is very
sensitive to kon and, thus, its analysis provides accurate infor-
mation on the value of kon.
The three KCE methods constitute a comprehensive toolset
for measuring kinetic and equilibrium parameters of protein–
DNA complexes [13–16]. Moreover, they facilitate a number
of other applications ranging from quantitative analyses of
proteins, DNA, and RNA [14] to selection of aptamers [17].
In this work, we used NECEEM and aﬃnity-mediated NE-
CEEM (with SSB as a background aﬃnity agent) to prove that
despite previous reports, tau protein binds both dsDNA and
ssDNA. In addition, we found that tau can induce dissociation
of strands in dsDNA by binding one of them in a sequence-
speciﬁc fashion. We also determined equilibrium dissociation
constants for all tau–DNA complexes studied.2. Materials and methods
2.1. Chemicals and materials
Single-stranded DNA binding protein from E. coli and buﬀer com-
ponents were from Sigma–Aldrich (Oakville, ON, Canada). Monoclo-
nal mouse anti-tau-1 antibody and goat anti-mouse IgG-HRP
conjugated secondary antibody were from Chemicon International
(Temecula, CA, USA). pET-3d prokaryotic expression plasmids con-
taining the complete coding sequences of tau iosoforms 381 and 410
were obtained as described in detail elsewhere [18]. Protein Assay kit
was from Bio-Rad Laboratories (Missisauga, ON, Canada). A mono
S HR 5/5 HPLC column was from Amersham Biosciences (Piscata-way, NJ, USA). Spectra regenerated cellulose membrane (25 000 Da
MWCO) was purchased from Fisher Scientiﬁc (Markham, ON, Can-
ada). Uncoated fused-silica capillaries were from Polymicro (Phoenix,
AZ, USA). All solutions were made using the Milli-Q quality deionized
water and ﬁltered through a 0.22 lm ﬁlter (Millipore, Nepean, ON).
Six diﬀerent ﬂuorescently labeled DNA molecules were used in this
work: three ssDNA and three dsDNA (Fig. 1). Double-stranded DNA
molecules were obtained by annealing ssDNA1, ssDNA2, and ssDNA3
with corresponding complementary strands. Single-stranded DNA1
was synthesized and puriﬁed as described elsewhere [14]. All other
DNA strands were custom synthesized by Integrated DNA Technolo-
gies (Coralville, IA, USA).
2.2. Expression and isolation of tau 381 and tau 410
pET-3d tau plasmids were transfected into E. coli BL21(DE3) pLysS
cells for expression. Bacteria were grown at 37 C to a density with an
absorbance of 0.6–0.7 at 600 nm measured in a cuvette with an optical
path-length of 1 cm. Then, bacterial cultures were induced with isopro-
pyl beta-d-thiogalactopyranoside (IPTG) at a ﬁnal concentration of
0.4 mM for 4 h. Cells were harvested by centrifugation at 5000 · g
for 10 min at 4 C. Pelleted cells were resuspended in the sonication
buﬀer: 50 mM piperazine-N,N 0-bis(2-ethanesulfonic acid) (PIPES) at
pH 6.8 supplemented with 1 mM ethylene glycol-bis(b-aminoethyl
ether)-N,N,N 0,N 0-tetraacetic acid (EGTA), 5 mM MgCl2, 1 mM phen-
ylmethylsulfonyl ﬂuoride (PMSF), and 5 mM 2-mercaptoethanol. Bac-
terial lysates were prepared by sonication on ice with 5-s ‘‘on’’/15-s
‘‘oﬀ’’ intervals for a total of 15 min. Cell debris were pelleted by cen-
trifugation at 15 000 · g for 20 min at 4 C. The supernatant was then
incubated in a bath with boiling water for 20 min to denature most of
the bacterial proteins [19]. Heat-labile bacterial proteins were removed
by centrifugation at 10 000 · g for 10 min at 20 C. The supernatant
was dialyzed two times for 2 h against 1 L of the dialysis buﬀer:
20 mM PIPES buﬀer at pH 6.8 supplemented with 1 mM EGTA,
0.2 mMMgCl2, and 5 mM 2-mercaptoethanol. They were further puri-
ﬁed by ion-exchange HPLC using a Mono S HR 5/5 column with a
10-lm diameter of the particles. Separation was performed with a
Hewlett-Packard 1050 series HPLC system equipped with a 280 nm
UV detector. A two-buﬀer system was used for the puriﬁcation of all
tau protein samples with buﬀer A being 20 mM PIPES, 1 mM EGTA,
0.2 mM MgCl2, 0.25 mM PMSF, and 5 mM 2-mercaptoethanol at pH
6.8 and buﬀer B being buﬀer A supplemented with 1 M NaCl. The best
separation quality was achieved by a linear elution gradient at a ﬂow
rate of 1 mL/min. Tau protein eluted with NaCl concentrations in
the range between 0.3 and 0.4 M [18]. Concentrations of tau protein
were determined by the Bradfords method [20].
2.3. SDS–PAGE and immunoblotting
The presence and purity of tau protein was analyzed by SDS–PAGE
in 7–15% gradient gel. Proteins were electrophoretically transferred to
the polyvinylidene diﬂuoride membrane (Millipore, Bedford, MA) for
2 h at 300 mA, 35 V in 25 mM Tris, 192 mM Glycine, 0.1% (w/v) SDS,
and 10% (v/v) methanol, pH 8.3. Non-speciﬁc binding sites were
blocked with 1% non-fat dried milk in 20 mM Tris–HCl, 150 mM
NaCl, and 0.1% (v/v) Tween 20, pH 7.3. The membrane was incubated
with monoclonal mouse anti-tau-1 antibody for 1.5 h at room temper-
ature. Bound antibodies were detected by goat anti-mouse IgG HRP-
conjugated secondary antibody.
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NECEEM and aﬃnity-mediated NECEEM of tau protein–DNA
complexes were performed with a Beckman P/ACE MDQ instrument
(Mississauga, ON, Canada) with ﬂuorescence detection. A 488-nm line
of an Ar-ion laser was utilized to excite ﬂuorescence of the ﬂuorescein
label on DNA molecules. Tau had no ﬂuorescent label and thus it was
undetectable in the NECEEM electropherograms. Uncoated fused-sil-
ica capillaries of 50 cm in length with an inner diameter of 75 lm and
outer diameter of 375 lm were used in all experiments. The distance
from the capillary inlet to the detector was 40 cm. The electrophoresis
run buﬀer was 25 mM sodium tetraborate at pH 9.4. For aﬃnity-med-
iated NECEEM, the run buﬀer was supplemented with 100 nM SSB.
The samples were injected into the capillary by a 5-s pressure pulse
of 3.44 kPa; the length and the volume of the corresponding sample
plug were 6.42 mm and 28 nL, respectively. Electrophoresis was car-
ried out by an electric ﬁeld of 400 V/cm with a capillary temperature
biased at 20 ± 0.2 C. The capillary was rinsed with the electrophoresis
run buﬀer for 2 min prior to each run. At the end of each run, the cap-
illary was rinsed with 100 mM HCl for 1 min, 100 mM NaOH for
1 min, followed by a rinse with deionized water for 1 min. Rinsing
was driven by a constant pressure of 137 kPa.2.5. Tau–DNA equilibrium mixtures
Unless otherwise stated, equilibrium mixtures were prepared by mix-
ing tau protein with DNA in the incubation buﬀer (50 mM Tris-base,
5 mM MgCl2, pH 8.3) followed by overnight incubation at room
temperature.
2.6. Kd calculation
Kd values for tau–DNA interaction were calculated from NECEEM
electropherograms as described in details elsewhere [13]. The proce-
dure was slightly modiﬁed to be applicable to on-column detection
of the CE instrument used in this work: peak areas in electrophero-

























































Fig. 2. Binding of tau 381 to diﬀerent ssDNA molecules monitored with NEC
ssDNA1 interaction data for NECEEM and aﬃnity-mediated NECEEM, re
tau interaction with ssDNA2 and ssDNA3, respectively. The concentration of
shown in the panels next to corresponding electropherograms. The run buﬀer
for aﬃnity-mediated NECEEM was the same but supplemented with 100 nM
of presentation.3. Results and discussion
3.1. Preambula
DNA molecules used in this study were those used by us in
other studies; there was no bias in the choice of sequences. All
six DNA molecules studied in this work were ﬂuorescently la-
beled (see Fig. 1), while tau was not. Therefore, NECEEM
electropherograms contain peaks of free DNA and tau–
DNA complexes but not that of free tau. NECEEM electro-
pherograms also contain a peak of ﬂuorescein, which was used
as an internal standard (IS) to control the reproducibility of
NECEEM analyses. The peak of the IS is ignored in the pre-
sentation and discussion of the results.
3.2. Tau binding to ssDNA
First, we studied the interaction of tau 381 with ssDNA1.
With growing concentration of tau in the equilibrium mixture,
the peak of tau–ssDNA1 complex increases, while that of free
ssDNA1 decreases (Fig. 2A). Interestingly, the exponential line
between two peaks has low intensity; the area under the expo-
nential line is smaller than the peak of the complex. It suggests
that the rate constant of complex dissociation is lower than the
reciprocal migration time of the complex, koﬀ < 10
3 s1. The
peaks are separated by less than 1 min. Although this separa-
tion window is relatively large comparing to the peak widths of
3 s, using other DNA molecules could shift the peak of the
complex closer to that of free DNA and thus potentially ob-
scure the analysis. Therefore, we decided to use aﬃnity-medi-

























































EEM and aﬃnity-mediated NECEEM. Panels A and B show the tau–
spectively. Panels C and D show aﬃnity-mediated NECEEM data for
DNA in all experiments was 80 nM; the concentrations of tau 381 are
for NECEEM was 25 mM sodium tetraborate at pH 9.4; the run buﬀer
SSB. The electropherograms are oﬀset along the vertical axis for clarity
Table 1
Equilibrium dissociation constants for interaction between tau protein and DNA
Kd (lM)
ssDNA1 ssDNA2 ssDNA3 dsDNA1 dsDNA2 dsDNA3
Tau 381 0.19 ± 0.01 40 ± 4 >200 Binding to tau dissociates dsDNA1 1.7 ± 0.2 0.5 ± 0.1
Tau 410 0.35 ± 0.03 40 ± 10 >200 0.9 ± 0.1 0.3 ± 0.1
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interactions. In aﬃnity-mediated NECEEM, the peak of free
DNA is considerably shifted to the left, while that of tau–
DNA complex experiences only a slight shift. The resulting
separation window exceeds 3 min (Fig. 2B).
Second, we used aﬃnity-mediated NECEEM to study the
interaction of tau 381 with ssDNA2 and ssDNA3. The com-
plexes of tau with ssDNA2 (Fig. 2C) were present in the
amount much lower than those of tau with ssDNA1. The com-
plexes of tau with ssDNA3 were undetectable with the used
concentration of tau (Fig. 2D). The Kd value of the tau–
ssDNA1 complex is lower than those of the tau–ssDNA2 and
the tau–ssDNA3 complexes by more than two orders of mag-
nitude (Table 1). The aﬃnity of tau to ssDNA is Mg2+ depen-
dent, which was conﬁrmed by suppressed complex formation
in the absence of Mg2+ in the incubation buﬀer. The diﬀerence
in the aﬃnity for the three ssDNA molecules indicates that tau
binds ssDNA in a sequence-speciﬁc fashion.
Third, we used aﬃnity-mediated NECEEM to study the
interaction of another isoform of tau protein, tau 410, with
the ssDNA1, ssDNA2, and ssDNA3. The electropherograms
were qualitatively similar to those for tau 381 (not shown).
Kd values for complexes of ssDNA with tau 410 were also sim-
ilar to those for complexes of ssDNAwith tau 381 (see Table 1).
3.3. Tau binding to dsDNA
Aﬃnity-mediated NECEEM with SSB as a mediator is not






















































Fig. 3. Binding of tau 381 to 3 diﬀerent dsDNA molecules monitored with N
1 and 2 show two control electropherograms: dsDNA1 with no tau protein
dsDNA1 (line 2). Lines 3–5 show NECEEM electropherograms of dsDNA1 w
381 with dsDNA1 (line1) is diﬀerent from that of tau with dsDNA2 and ds
mixtures was 80 nM; the concentrations of tau 381 are shown in the ﬁgure n
was 25 mM sodium tetraborate at pH 9.4. The electropherograms are oﬀsetSSB does not bind dsDNA. Therefore, to study tau–dsDNA
interaction we used NECEEM instead of aﬃnity-mediated
NECEEM. Fig. 3 illustrates electropherograms for NECEEM
of tau 381-dsDNA1 complexes. In the absence of tau protein
(line 1), dsDNA generates a single peak with a migration time
of 10 min. In the presence of tau (lines 3–5), we observe 3
peaks. The peak with a migration time of 10 min was identiﬁed
as free dsDNA1 by comparing the migration time with that in
the control experiment with no tau (line 1). The peak with the
migration time of 8 min 20 s was identiﬁed as the tau–dsDNA1
complex as it increases with increasing concentration of tau.
The rightmost peak with a migration time of 10 min 10 s was
identiﬁed as the complex of tau with ssDNA1, which was used
as one of the strands in dsDNA1. This identiﬁcation was con-
ﬁrmed by NECEEM of tau–ssDNA1 mixture (line 2). The
peak of tau–ssDNA1 grows with growing concentration of
tau in the same fashion as the peak of tau–dsDNA1. This result
suggests that tau can destabilize dsDNA by binding one of the
strands sequence speciﬁcally. When tau interacted with
dsDNA2 and dsDNA3; however, dissociation of the DNA hy-
brid and the formation of the tau–ssDNA2 and tau–ssDNA3
complexes were not observed, indicating that the destabiliza-
tion of dsDNA is sequence-speciﬁc (a common feature for
interactions between proteins and their aptamers) (Fig. 3B).
The peaks assigned to free dsDNA in lines 2 and 3 cannot
be composed of overlapping peaks of dsDNA and tau–ssDNA
complexes for two reasons. First, the migration time of the























ECEEM. Panel A shows the interaction of tau 381 with dsDNA1. Lines
(line 1) and tau protein with ssDNA1, which is one of the strands of
ith varying concentrations of tau. Panel B proves that interaction of tau
DNA3 (lines 2 and 3). The concentration of DNA in all equilibrium
ext to corresponding electropherograms. The run buﬀer for NECEEM
along the vertical axis for clarity of presentation.
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time is signiﬁcantly shorter than the migration time of free
dsDNA2, which was 10.1 min (Fig. 3B, line 2). Second, we
proved that tau does not form the complex with ssDNA3
(see Fig. 2D).
The equilibrium dissociation constants for tau binding
dsDNA are shown in Table 1. The value for the tau–dsDNA1
complex is not shown because it cannot be accurately mea-
sured due to the dissociation of the strands by tau.
Finally, we studied the interaction of the other tau isoform,
tau 410, with dsDNA. We found that it was qualitatively and
quantitatively similar to that of tau 381.4. Discussion
Our results of tau binding ssDNA indirectly suggest that
ssDNA, when tightly bound to tau, can stabilize the tertiary
structure of tau, which is believed to be natively unfolded.
The results on sequence-speciﬁc biding of tau to ssDNA also
suggest that tau protein may be a potentially suitable target
for selection of ssDNA aptamers with high aﬃnity and speci-
ﬁcity. If selected, such aptamers could be used as aﬃnity
probes in analyses and, potentially, as drug candidates for
treating or preventing taupathies.
A number of studies with diﬀerent cell types demonstrated
that tau proteins could be found in nuclei in a complex with
nuclear DNA [6,21–24]. Iqbal and co-workers [12] reported
that by binding dsDNA tau increases its melting temperature.
It was suggested that one of the physiological functions of tau
could be the stabilization of the dsDNA helix. Our in vitro
experiments showed an opposite eﬀect: the melting of dsDNA
duplex by tau in a sequence-speciﬁc fashion. This allows us to
suggest that tau may have yet another physiological function
in processes such as chromatin activation. The biological rele-
vance of this phenomenon is still to be studied.5. Conclusions
To summarize, this study demonstrated for the ﬁrst time that
tau proteins can bind not only dsDNA but also ssDNA. The
aﬃnity of tau–ssDNA interaction is sequence dependent and
can be even higher than that of tau–dsDNA interaction. When
tau binds dsDNA, it can destabilize the DNA hybrid by bind-
ing a single strand of the DNA hybrid. In addition to intriguing
biological ﬁndings, this work demonstrates the power of KCE
methods in studies of biomolecular interactions.
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